Particle-based in-cylinder soot distribution study is becoming more important as the rules and regulations pertaining to particulate emission of diesel-powered vehicles have been increasingly more stringent. This paper focuses on the investigation of soot size evolution and its distribution and transport inside an engine cylinder. The overall process of soot formation includes soot nucleation, surface growth, oxidation, coagulation and agglomeration. The present study considers only soot surface growth, oxidation and coagulation to predict the in-cylinder soot particle size. The soot surface growth model was based on Hiroyasu's soot formation model while soot oxidation was referred to Nagle & Strickland-Constable's soot oxidation model. Coagulation rate was defined using Smoluchowski's equation with constant proposed by Wersborg. From this study, it is demonstrated that soot particles with relatively larger size are gathered in the centre of the cylinder while smaller soot particles are found to be in the region near the wall. Soot number density is considerably high at the start of combustion and reduces sharply afterward while the soot particle size shows the opposite trend. Soot formation rate was found to be dominant at earlier crank angle and is overcome by soot oxidation and coagulation processes that caused lower soot number density but higher soot particle size.
1.0 INTRODUCTION
Soot is an unwanted by-product of combustion generated mostly by burning of fossil fuels. The formation of soot inside engine cylinders during the combustion is yet to be fully understood. The studies of soot become a centre in today's research because of the growing concerns towards pollution and strict regulations regarding soot emission. Various studies on in-cylinder soot modelling had been carried out to further understand the process of soot formation in an engine. A study by Appel et al. 1 reported a detailed kinetic model of soot formation using a combination of gas-phase reaction, aromatic chemistry, soot particle coagulation, soot particle aggregation and soot surface growth. However, the model still contains uncertainty of thermodynamic and kinematic of aromatic and soot chemistry. While Frenklach 2 classified the formation of soot into four major process, namely homogeneous nucleation of soot particles, particle coagulation, particle surface reactions (growth and oxidation) and particle agglomeration. Mosbach et al. 3 proposed the soot formation in internal combustion not only limited to soot mass, number density, volume fraction and surface area but also included the soot morphology and chemical composition of soot aggregates.
In in-cylinder engine combustion, Frenklach 2 and Maricq 4 observed that soot initially has spherical shape and later requires fractal shape due to the coagulation. According to Frenklach 2 soot coagulation control the evolution of the soot particle number density and soot was modelled using either a discrete-sectional method or the method of moment. In his research, soot particle coagulation can be divided into two stages, coalescent growth and agglomeration into fractal growth. In coalescent growth, the soot particles collide with each other and form new particles. Then the soot particles start to agglomerate and form chain-like structure. During the agglomeration process, the transition from coalescent growth to fractal growth takes place but the fractal growth is not well understood.
Wersborg et al. 5 proposed a different mathematical model to evaluate soot particle coagulation. Using Smoluchowski's coagulation model with specific coagulation rate constant, K, coagulation rate was defined. Kazakov and Frenklach 6 used method of moment to determine the dynamic of soot coagulation while other researchers proposed different approaches which can be reviewed in. 4, [7] [8] [9] [10] All of these studies, however, gave less emphasis to the history of movement and transport of in-cylinder soot particles. Besides soot particle size, this paper also discusses the history of soot particle movements. The soot pathline, soot particle size and size distribution in this paper was predicted by post-processing previous CFD data.
2.0 NUMERICAL METHOD
The simulation of in-cylinder combustion was performed by 11 using Kiva-3V release II CFD software to produce a mass-based in-cylinder soot distribution in previous study. The details of engine specifications, models used and computational setup can be found in the paper. A distribution of soot concentration (g/cm 3 ) from the CFD simulation within a selected range of crank angles is shown in Figure 1 . This information became the essential information for subsequent particle-based soot distribution study reported in this paper.
( > 0 g/cm 3 , > 1×10 -7 g/cm 3 , > 1×10 -6 g/cm The results from this simulation such as bulk gas velocity, temperature, pressure and concentration of gases and other species were obtained and post processed using series of Matlab routines to predict the pathline, soot particle size and size distribution inside the engine cylinder. The prediction was started at 8 and ended at 120° CA ATDC during the power stroke. Fourth order Runge-Kutta method and trilinear interpolation technique were included in the soot particle tracking routine to predict the position and pathline of each soot particle by applying Equation (1) where sn is the current soot particle position, tn the current time step and Δt the time-step duration.
To calculate soot particle numbers and size in the present study, chemical and physical processes of surface growth, oxidation, and coagulation were considered. Assumption was made that the soot movements inside the engine cylinder follow the velocity vector of bulk flow field and soot particles are massless. Soot particles were also assumed spherical with constant density of 2 g.cm -3 throughout the combustion process. At each time step, Hiroyasu's soot formation model expressed in Equation (2) and Nagle & Strickland-Constable (NSC) soot oxidation model in Equation (3) were considered to calculate the soot mass change. In Equation (2) Msfi represents the soot mass formed, Mfvi represents the soot concentration of fuel vapour, which is considered as the source of soot, P is the pressure, N is soot particle formation multiplication factor and T is temperature. Esf which is equal to 12500 cal/mole, is the activation energy and R, 1.987 cal/mole-K, is the universal gas constant. In Equation (3), NSC R  represents the rate of carbon surface oxidation in g.cm -2 .s.
x is defined as
whereas kA, kB, kT and kZ values are as in Equation (5) (8) Coagulation model used in this paper was based on work in. 5 The coagulation rate was stated in the form of Smoluchowski as in Equation (9) where K is the coagulation rate constant as shown in Equation (10). Correction for inter-particle forces denoted as y was set to 30 according to 5 , a equal to 1.00×10 -8 m, Boltzmann constant k value is 1.38×10 -23 m 2 .kg/s 2 .K -1 , temperature T is 1600 K, and particle mass m, is 8.38×10
-21 kg. K was calculated and considered constant with the value of 510 -8 .
4.0 RESULTS AND DISCUSSION
Soot particle pathlines were generated using Matlab plotting and the results were presented in Figure 2 . The pathlines shown in this figure were the representative pathlines for one seventh of the cylinder. The pathlines display a clock-wise direction following the swirl pattern set during the CFD simulation. It can also be observed that soot moved closer the cylinder wall as early as 30° CA ATDC and more soot particles moved to this region at later crank angles. At 120° CA ATDC, soot was found to be transported to most areas in the cylinder. Besides soot pathlines, it is also important to know its particle size at different locations in the cylinder in order to predict further transport of the soot particles. Graphical distribution of soot particle size with different size range is shown in Figure 3 . It presents the in-cylinder size distribution at selected crank angles and shows that the soot particles with relatively larger size formed at the core of fuel spray and tend to accumulate at the centre of the cylinder while soot particles that moved near the cylinder wall boundary were smaller which is most likely due to higher oxidation rate which agrees well with. 12 The range of soot particle size in the squish region near the cylinder wall is between 10 to 50 nm. Soot number density and size distribution can be observed in Figure 4 . As shown in the figure, the average soot particle size starts at 30 nm and the average particle size increases up to 80 nm at 120° CA ATDC, whereas, soot particle number density decreases to 510 13 at 120 CA ATDC from 210 14 at 8 CA ATDC. Significant soot particle size increase and particle number density reduction is mainly caused by the process of coagulation of soot particles overshadowing the other processes namely surface growth and oxidation. The soot size distribution can be observed in Figure 5 where at 8° CA ATDC the distribution is in Gaussian distribution peaks at size range of 20-50 nm. Later as the combustion continues to higher crank angles, the graph shows a bimodal lognormal distribution to larger size of 50-100 nm and bigger than 100 nm due to the coagulation process. 3, 6 also found that at later crank angles the size distribution turned bimodal. Figure 6 shows a decreasing trend of both in-cylinder temperature and pressure with crank angles. The pressure profile was similar with work done by Mosbach et al. and Menkiel. 3, 12 In Figure 7 , it shows that at earlier combustion, combination of surface growth and coagulation rates were higher than the oxidation rate, but gradually flatten and finally match at later crank angles. As early as 15 CA ATDC, oxidation starts to dominate as surface growth rate rapidly decreases. As a results, in combination of coagulation process, soot size increases exponentially and soot number density starts to reduce as shown previously in Figure 4 . [13] [14] [15] These results agree with statement by Appel et al. 1 which says that at higher temperature soot particle become more reactive and tendency to oxidize higher as compared to lower temperature soot particle. 
4.0 CONCLUSIONS
The soot formation processes considered in the present study were surface growth, oxidation and coagulation processes as an extension of the previous work. 16 Average soot particle size starts at 20 nm and increases throughout the combustion due to the coagulation process. During the progress of combustion, temperature, pressure, soot number density and oxidation rate decrease until the end of simulation recorded. On the other hand, surface growth rate is high initially then decreases rapidly after 10° CA ATDC. Soot particle that are less than 50 nm in diameter tend to be transported to the region near the wall boundary and larger soot particles accumulate at the centre of the cylinder. Soot coagulation process significantly affects the soot particle size and soot number density throughout the combustion process.
